The major protein constituents of the filoviral envelope are the matrix protein VP40 and the surface transmembrane protein GP. While VP40 is recruited to the sites of budding via the late retrograde endosomal transport route, GP is suggested to be transported via the classical secretory pathway involving the endoplasmic reticulum, Golgi apparatus, and trans-Golgi network until it reaches the plasma membrane where most filoviral budding takes place. Since both transport routes target the plasma membrane, it was thought that GP and VP40 join there to form the viral envelope. However, it was recently shown that, upon coexpression of both proteins, GP is partially recruited into peripheral VP40-enriched multivesicular bodies, which contained markers of the late endosome. Accumulation of GP and VP40 in this compartment was presumed to play an important role in the formation of the filoviral envelope. Using a domain-swapping approach, we were able to show that the transmembrane domain of GP was essential and sufficient for (i) partial recruitment of chimeric glycoproteins into VP40-enriched multivesicular bodies and (ii) incorporation into virus-like particles (VLPs) that were released upon expression of VP40. Only those chimeric glycoproteins which were targeted to VP40-enriched endosomal multivesicular bodies were subsequently recruited into VLPs. These data show that the transmembrane domain of GP is critical for the mixing of VP40 and GP in multivesicular bodies and incorporation of GP into the viral envelope. Results further suggest that trapping of GP in the VP40-enriched late endosomal compartment is important for the formation of the viral envelope.
The assembly of viral envelopes represents a unique model to study functional interactions between membrane proteins, to monitor the sorting of proteins to specific sites in a target membrane, and to identify targeting signals in the respective proteins. Many targeting signals, interaction domains, and signals for incorporation into progeny virions have been identified in the cytoplasmic domain of viral transmembrane glycoproteins (5, 8, 9, 13, 17, 25, 28, 36, 41, 42) . Likewise, the transmembrane domain of viral surface proteins can contain signals for their incorporation into the viral envelope (1) , and in some cases, amino acid sequences that are important for efficient virus assembly are detectable in the ectodomain of viral transmembrane proteins (30) .
Marburg virus (MARV), a filovirus, causes severe hemorrhagic fever in humans and nonhuman primates (23) . During the latest and largest outbreak of MARV in Angola, the case fatality rate reached 85% (39, 40) . Until now, neither a vaccine nor an effective treatment for the filovirus-induced hemorrhagic fever is available for human use.
The filamentous MARV particle is composed of seven structural proteins. Four proteins (NP, VP35, L, and VP30) constitute the nucleocapsid complex, which encapsidates the single-stranded negative-sense viral RNA genome (4) . Two matrix proteins, the most abundant viral protein VP40 and VP24, are located between the nucleocapsid complex and the lipid envelope in the viral particle (2, 4) . Homotrimers of the single surface protein GP, a type I transmembrane protein, are integrated into the viral envelope (3, 12, 32) . During its transport along the secretory pathway to the cell surface, GP is subjected to glycosylation and phosphorylation at its ectodomain (12, 16, 31) and acylation at two cysteine residues at the boundary between the transmembrane and the cytoplasmic domain (14) . GP is cleaved by the prohormone convertase furin in the trans-Golgi network into two disulfide-bond linked subunits, GP 1 (170 kDa) and GP 2 (46 kDa) (37) .
The MARV matrix protein VP40 is transported to the cell surface by the retrograde late endosomal pathway (20) . VP40 accumulates in multivesicular bodies (MVBs), a subcompartment of the late endosome, and is finally released from the cell surface by inducing the formation of filamentous virus-like particles (VLPs) that resemble progeny virions (21, 34) . Since VP40 is necessary and sufficient to induce budding of VLPs, it is presumed to represent the key protein in the assembly and budding of viral particles.
The characteristic endoplasmic reticulum (ER)/Golgi localization pattern of GP changes in the presence of VP40. Upon coexpression, both proteins are detectable in peripheral clusters that also contain markers of the late endosome (21) . Coexpression of GP and VP40 also results in an increased release of VLPs that contain both proteins (21) . It has been presumed that, as VP40 and GP accumulate in MVBs, the late endosome serves as a platform for the assembly of the viral envelope and the budding of viral particles (21) . Until now, the domain(s) of GP that is essential for both its efficient integration into the viral envelope and its accumulation in the late endosomal compartment has remained unidentified. In the present study, we analyzed the prerequisites for the accumulation of GP in VP40-positive MVBs and its incorporation into VP40-induced VLPs.
We show that the transmembrane domain of GP is essential and sufficient to mediate accumulation of GP in VP40-positive MVBs. Accumulation of GP in VP40-positive MVBs, in turn, is the prerequisite for its incorporation into VLPs.
MATERIALS AND METHODS
Cell lines. HUH-7, a hepatoma cell line, and human embryonic kidney (HEK) 293 cells were cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum, 2% L-glutamine, and a penicillin-streptomycin solution. The cells were cultivated in an incubator at 37°C under 5% CO 2 . HUH-7 cells were used for immunofluorescence (IF) analysis, while HEK 293 cells were used for the investigation of VLP release.
Molecular cloning.
The open reading frames of MARV VP40 and GP (MARV strain Musoke) (for reference, see EMBL Nucleotide Sequence Database accession number Z12132) were amplified by PCR and cloned into the mammalian expression vector pCAGGS using the restriction enzymes SmaI and NotI. The resultant plasmids contained sequences of MARV VP40 or GP under the control of a chicken ␤-actin promoter, as was verified by DNA sequencing. The open reading frame of the full-length Lassa virus glycoprotein (LASV GPC) (Lassa virus strain Josiah) was cloned into the ␤-actin promoter-driven pCAGGS vector via the restriction enzymes EcoRI and BglII (10) . Using recombinant PCR, the chimeric glycoproteins, composed of different domain combinations of LASV GPC and MARV GP, were constructed (18) (see Fig. 2B ). The resulting constructs were cloned into the pCAGGS vector using the restriction enzymes SmaI and SacI. Using pTM1-MARV-GP as a template, the mutant MARV-GP⌬CD was generated and subcloned into the pCAGGS vector. In MARV-GP⌬CD, the entire cytoplasmic domain starting from amino acid residue 674 (arginine) was removed by PCR. To this end, the template plasmid was amplified using primers flanking the cytoplasmic domain. Subsequently, the blunt ends of the amplicons were internally ligated. All constructs were verified by DNA sequencing. Primer sequences are available on request.
Antibodies. For the identification of MARV VP40, a mouse monoclonal antibody (kindly provided by M. C. Georges-Courbot, Lyon, France) was used (dilution for IF, 1:50). For the detection of MARV GP, an affinity-purified rabbit serum (dilutions: IF, 1:100; immunoelectron microscopy [IEM], 1:100) and an anti-MARV goat serum were used (dilutions: IF, 1:100; Western blotting [WB], 1:2,500). The identification of LASV GPC was performed using a mouse monoclonal antibody (dilutions: WB, 1:200; IEM, 1:50; kindly provided by M.C. Georges-Courbot, Institut Pasteur, Lyon, France) or a rabbit serum (dilutions: IF, 1:100; WB, 1:2,000), which was raised by immunization of a rabbit with a chemically synthesized peptide that was homologous to the N terminus of GP 2 (amino acid positions 259 to 279). Secondary antibodies conjugated to rhodamine or fluorescein isothiocyanate (FITC) (Dianova, Hamburg, Germany) were used for IF analysis (dilution, 1:200). Secondary antibodies conjugated to horseradish peroxidase (Dako, Copenhagen, Denmark) were used for WB (dilution 1:40,000). Secondary antibodies conjugated to 10-nm or 12-nm colloidal gold particles (Dianova, Hamburg, Germany or BB International, Cardiff, United Kingdom) were used for IEM (dilution, 1:30).
Transfection of cells. HEK 293 cells were transfected using Lipofectamine 2000 reagent (Invitrogen, Karlsruhe, Germany). HUH-7 cells were transfected using Lipofectamine PLUS reagent (Invitrogen, Karlsruhe, Germany) or FUGENE 6 transfection reagent (Roche, Mannheim, Germany) according to the manufacturers' instructions. Transfected cells were incubated at 37°C under 5% CO 2 for 24 or 48 h. HUH-7 and HEK 293 cells were cotransfected with plasmids encoding MARV VP40 and chimeric glycoproteins under the control of the ␤-actin promoter (pCAGGS). The optimal proportion of pCAGGS-MARV-VP40 and GP that resulted in an expression level similar to the one in MARVinfected cells was 4:1 (our unpublished data). This ratio was also used for coexpression of VP40 and GP mutants or chimeric glycoproteins.
Purification of vesicular and filamentous particles extracted from cellular supernatant. At 48 h posttransfection, cellular supernatant from HEK 293 cells was harvested and pelleted in an SW41 rotor through a 20% sucrose cushion at 35,000 rpm for 3 h at 4°C. The pellet was resuspended in TNE buffer (10 mM Tris/HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA [pH 8]), laid on a Nycodenz step gradient, and centrifuged in a SW60 rotor at 16,000 rpm for 15 min at 4°C. This Nycodenz gradient was composed of seven steps from 30% to 2.5% Nycodenz, increasing from the top to the bottom. Fractions (500 l) were collected from the top, whereas fractions 1 to 3 (vesicular particles) and fractions 4 to 6 (filamentous particles) were pooled. To concentrate membranes and membrane-associated proteins, pooled fractions were centrifuged in a TLA45 rotor at 45,000 rpm for 2 h at 4°C. The resultant pellet was resuspended in 30 l phosphate-buffered saline (PBS)/1% paraformaldehyde for IEM analysis.
Electrophoresis and immunoblot analysis. WB analysis was carried out as previously described (21) . The antibodies are listed in the figure legends.
Indirect IF analysis. At 24 h posttransfection, HUH-7 cells were washed with PBS and fixed with 4% paraformaldehyde in Dulbecco's modified Eagle medium for 30 min. The fixative was removed, and free aldehydes were quenched with 100 mM glycine in PBS. Afterwards, the samples were washed once with PBS and permeabilized with PBS containing 0.1% Triton X-100. Cells were incubated in blocking solution (2% bovine serum albumin, 0.2% Tween 20, 5% glycerol, and 0.05% sodium azide in PBS) and stained with primary and secondary antibodies as indicated below (see figure legends). Microscopic analysis was performed with an Axiomat fluorescence microscope (Zeiss).
In the case of native IF analysis, at 24 h posttransfection, HUH-7 cells were washed with cold PBS and incubated with the primary antibody at 4°C for 1 h. The cells were rinsed twice with PBS, fixed in 4% paraformaldehyde for 10 min at room temperature, and incubated in PBS containing 100 mM glycine for 10 min. After the incubation in blocking solution, cells were stained with secondary antibodies as indicated below (see figure legends) .
IEM analysis. For microscopic analysis, we used the fractions of the Nycodenz gradient containing the filamentous membranes. A drop of this suspension was deposited on Formvar-carbon-coated nickel grids for 1 h. The excess fluid was blotted away with Whatman filter paper, and the grids were incubated with blocking buffer (see "Indirect IF analysis" above) for 10 min. Indirect immunostaining was performed by incubating the grids with the primary antibodies (see figure legends) for 60 min. After washing the grids six times for 2 min in PBS, bound immunoglobulins (IgG) were detected with a secondary antibody coupled to colloidal gold particles. After fixation with 0.25% glutaraldehyde in 1ϫ PBS, samples were negatively stained with 2% phosphotungstic acid solution and examined with a Zeiss 109 electron microscope.
RESULTS AND DISCUSSION
Intracellular accumulation of GP in VP40-enriched MVBs does not require the cytoplasmic domain of GP. For many viruses, it is suggested that the spike glycoproteins interact with matrix proteins via their cytoplasmic tails (9, 13, 17, 41) . Therefore, the role of the cytoplasmic domain in the accumulation of GP in the VP40-positive MVBs was evaluated. To this end, a mutant of GP was constructed in which the cytoplasmic domain was completely removed (GP⌬CD) (Fig. 1A) . IF analysis revealed that both wild-type GP and GP⌬CD were predominantly concentrated in the perinuclear region, which is consistent with their accumulation in the ER or Golgi apparatus (3, 21) (Fig. 1B) . Coexpression with VP40 resulted in partial redistribution of wild-type GP and GP⌬CD to peripheral VP40-positive clusters, indicating that accumulation of GP in the VP40-enriched MVBs is independent of its cytoplasmic tail (Fig. 1C) .
The transmembrane domain of GP mediates its accumulation in VP40-positive MVBs. To further elucidate which domain(s) of MARV GP may be essential for accumulation in VP40-enriched MVBs, we mutually exchanged the ectodomain, the transmembrane domain, or cytoplasmic domain of GP with the respective domains of the LASV GPC. Schematic diagrams of the constructed mutants are shown in Fig. 2B . LASV GPC was selected as a reporter protein because it shows no accumulation in VP40-enriched MVBs (Fig. 2A) . LASV GPC, like MARV GP, is a type I transmembrane protein which is synthesized as a precursor and cleaved into two subunits, GP 1 and GP 2 , by the cellular protease SKI-1/S1P in the ER or an early Golgi compartment (11, 22) .
Expression of chimeric and wild-type glycoproteins was performed in HUH-7 cells, and their respective intracellular distributions were analyzed by IF microscopy. All constructed mutants showed predominantly a perinuclear staining pattern that was similar to that of the wild-type LASV GPC and MARV GP (Fig.  2C) . Staining of the cell surface for the presence of the chimeric proteins showed that, with the exception of LLM, all chimeric glycoproteins were able to reach the plasma membrane (Fig. 2D) . Since LLM was also the only construct which was not cleaved (Fig. 3B, right panel) , it is presumed that severe misfolding prevented its exit from the ER.
Subsequently, the chimeric glycoproteins were, respectively, coexpressed with MARV VP40 and subjected to IF analysis. Among the chimeric glycoproteins that contained the ectodomain of MARV GP, only MML colocalized with the VP40-enriched large peripheral MVBs (Fig. 2E, column 1) . When the MARV GP transmembrane domain alone (MLM) or in combination with the cytoplasmic domain (MLL) was substituted, resulting mutants showed a perinuclear staining pattern and no accumulation in MVBs (Fig. 2E, columns 2 and 3) . These results suggested that the transmembrane domain of MARV GP was required for the accumulation of GP in the VP40-positive MVBs.
Coexpression of wild-type LASV GPC with VP40 did not induce colocalization of GPC in peripheral VP40-enriched MVBs ( Fig. 2A) . In contrast, the presence of the transmembrane domain of MARV GP in the background of LASV GPC (LML) resulted in accumulation of the chimeric protein in VP40-enriched MVBs. Likewise, combined transfer of the transmembrane and cytoplasmic domain of MARV GP into LASV GPC (LMM) led to accumulation of the resulting chimeric protein in MVBs (Fig. 2E , columns 4 and 6). In contrast, the mutant LLM that contained only the cytoplasmic domain of MARV GP localized in the perinuclear region, and colocalization with VP40 in MVBs was not observed (Fig. 2E, column 5 ). This is consistent with a block in transport that was also observed upon expression of the chimeric protein alone (Fig. 2D, right panel) . These results indicated that the transmembrane domain of MARV GP is necessary and sufficient to mediate accumulation in VP40-positive MVBs. Moreover, these results confirm that the cytoplasmic domain is not essential for accumulation of GP in VP40-positive MVBs (Fig. 1) .
The mechanism whereby the transmembrane domain mediates accumulation of MARV GP in MVBs remains unknown. Amino acids with polar side chains that have been associated with endosomal targeting (29) are present in the membrane-spanning domain of both MARV and LASV glycoproteins and therefore cannot explain why the transmembrane domain of MARV GP mediated recruitment in MVBs a rabbit anti-GPC and a monoclonal mouse anti-VP40 antibody. Bound antibodies were detected using secondary goat anti-rabbit IgG conjugated with rhodamine and goat anti-mouse IgG conjugated with FITC. The arrows show peripheral MARV VP40-positive clusters characterized as MVBs, which did not colocalize with LASV GPC. (B) Schematic presentation of MARV and LASV glycoproteins composed of the N-terminal ectodomain (ED), the hydrophobic membrane-spanning transmembrane domain (TMD) and the C-terminal cytoplasmic domain (CD). Chimeric proteins constructed by recombinant PCR are shown below and designated using a three letter code. The first letter of the construct's name indicates the origin of the ED (M, MARV; L, LASV), the second letter indicates the origin of the TMD, and the third letter indicates the origin of the CD. (C) Chimeric glycoproteins were expressed in HUH-7 cells and subjected to IF analysis as described above. Cells were immunostained with a rabbit anti-MARV GP or a rabbit anti-LASV GPC IgG depending on the origin of the ED. Bound antibodies were detected by a goat anti-rabbit antibody conjugated with rhodamine. (D) HUH-7 cells were transfected with plasmids encoding the chimeric glycoproteins and stained with goat anti-MARV IgG or rabbit anti-LASV GPC IgG at 4°C for 1 h. Cells were fixed but not permeabilized (note the difference from cells shown in panel C), and bound antibodies were detected using a donkey anti-goat IgG or a goat anti-rabbit IgG, both conjugated with rhodamine. (6, 26) . Whether this holds true also for the transmembrane domains of MARV GP and LASV GPC needs to be investigated. Incorporation of MARV GP in VLPs is dependent on its transmembrane domain. Colocalization of VP40 and GP in MVBs was presumed to be important for formation of the MARV envelope (21) . Therefore, we were interested in determining whether chimeric glycoproteins that did not accumulate in MVBs upon coexpression with VP40 could be rescued into VP40-induced VLPs. To this end, the constructed chimeric glycoproteins were coexpressed with VP40, and released filamentous VLPs were tested for the presence of the respective glycoprotein. First, to investigate whether LASV GPC could be incorporated into VP40-induced VLPs, VP40 and LASV GPC were coexpressed in HEK 293 cells, and released VLPs were centrifuged through a sucrose cushion and subsequently separated by centrifugation through a Nycodenz step gradient at 48 h posttransfection. Transfected cells were lysed, and the resultant protein lysates were subjected to immunoblot analysis. Final pellets from centrifugation were analyzed by IEM (Fig. 3A) . HEK 293 cells were used for these experiments, since VLPs arereleased from these cells with a higher efficiency than from HUH-7 cells. As shown in Fig. 3B , lane 7, LASV GPC was detected intracellularly in its cleaved form but was not integrated into released filamentous VLPs (Fig. 3A) . Next, MARV VP40 was coexpressed with the constructed chimeric glycoproteins (Fig. 2B) , and released VLPs were analyzed as described above. Incorporation of chimeric glycoproteins at the surface of VLPs was evaluated by the appearance of gold particles representing antibodies bound to the respective chimera. Quantification of GP determined by the number of gold particles decorating secondary antibodies showed that, while MARV GP was readily incorporated into VLPs (68.6 Ϯ 11.5 gold particles per m) (Fig. 3A, left panel, and D) , replacement of the transmembrane domain with that of LASV GPC (MLM) resulted in a dramatic loss of incorporation into VLPs (5.1 Ϯ 2.2 gold particles per m) (Fig. 3C, panel 3, and D) . Likewise, substitution of both the transmembrane and cytoplasmic domains with the corresponding domains from LASV GPC (MLL) completely blocked glycoprotein incorporation into VLPs (1.9 Ϯ 2 gold particles per m) (Fig. 3C, panel 2, and D). In contrast, chimera MML was incorporated into VLPs, although to a lesser extent than wild-type GP (41 Ϯ 11.6 gold particles per m) (Fig. 3C, panel 1, and D) . These observations suggested that the transmembrane domain of MARV GP is essential for incorporation into VP40-induced VLPs. This view was supported by analysis of chimeric proteins LML and LMM. In contrast to wild-type LASV GPC (Fig. 3A, right  panel) , LML and LMM were both incorporated into VLPs (Fig. 3C, panel 5 and 6 ). While the incorporation of LML was 20.2 Ϯ 4.1 gold particles per m, the presence of the MARV cytoplasmic domain clearly increased the incorporation efficiency to 46.3 Ϯ 14.3 gold particles per m. Therefore, we concluded that the MARV GP transmembrane domain was necessary and sufficient to mediate incorporation into VLPs. Nevertheless, incorporation efficiency could be enhanced in the presence of the cytoplasmic domain. Chimeric glycoproteins that did not accumulate in VP40-enriched MVBs were not incorporated into VLPs, although they were expressed at the same level as wild-type MARV GP (Fig. 3B , left panel) and were able to reach the plasma membrane (Fig. 2D ) (MLL and MLM). Furthermore, all chimeric glycoproteins that were able to accumulate in VP40-enriched MVBs could be incorporated into VLPs (MML, LMM, and LML).
Finally, the tailless mutant of MARV GP, GP⌬CD, was tested for its ability to incorporate into VLPs. GP⌬CD integrated into VLPs as efficiently as wild-type GP (Fig. 3E) . This showed that the cytoplasmic domain is not required for the accumulation of GP in VP40-enriched MVBs nor for its incorporation into VLPs.
Although in the order Mononegavirales efficient incorporation of transmembrane glycoproteins into progeny viral particles is often mediated by the glycoprotein's cytoplasmic domain (7, 19, 24, 25, 33, 41) , our results are not unprecedented. They are in line with data from Naim (27) showing that the specific sequence of the influenza virus HA transmembrane domain was essential for its incorporation into virions and the cytoplasmic tail only modulated the incorporation efficiency.
In summary, our data provide evidence for a critical role of the transmembrane domain of MARV GP in both its accumulation in peripheral VP40-enriched MVBs and in the incorporation of GP into VP40-induced VLPs. Additionally, our study suggests that trapping of GP in the VP40-enriched late endosomal compartment is critical for the formation of the viral envelope. Since VLPs derived from filoviral VP40 have been shown to be very efficient in raising the immune response in experimental animals (35, 38) , our findings are also of importance for the development of VP40-based virosomes that could be used as vaccine candidates.
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